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ABSTRACT

We present partial-correlation analyses that examine the strengths of the relationships between l2500 8 , l2 keV, �OX,
and redshift for optically selected active galactic nuclei (AGNs). We extend the work of Strateva and coworkers,
which analyzed optically selected AGNs from the Sloan Digital Sky Survey (SDSS), by including 52 moderate-
luminosity, optically selected AGNs from the COMBO-17 survey with corresponding deep (�250 ks to 1 Ms) X-ray
observations from the Extended Chandra Deep Field–South. The COMBO-17 survey extends�3 mag deeper than
the SDSS and probes the moderate-luminosity AGNs that numerically dominate the AGN population in the universe.
We also include recently published observations of 19 high-redshift, optically selected AGNs and 46 luminous, low-
redshift AGNs from the Bright Quasar Survey. The full sample used in our analysis consists of 333 AGNs, extending
out to z � 6, with 293 (88%) having X-ray detections. The sample spans five decades in UV luminosity and four
decades in X-ray luminosity. We confirm that �OX is strongly anticorrelated with l2500 8 (13.6 �), the highest sig-
nificance found for this relation to date, and find evidence suggesting that the slope of this relation may be dependent
on l2500 8. We find that no significant correlation exists between �OX and redshift (1.3 �) and constrain the maximum
evolution of AGN UV-to-X-ray flux ratios to be less than 30% (1 �) out to z ¼ 5. Using our sample’s high X-ray
detection fraction, we also find a significant anticorrelation (3.0 �) between �OX and l2 keV. We make comparisons to
earlier studies on this topic and discuss implications for X-ray and optical AGN luminosity functions.
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1. INTRODUCTION

The relationship between X-ray and UV luminosity for active
galactic nuclei (AGNs), defined by Tananbaum et al. (1979) as
�OX ¼ log ½l(�X-ray)/l(�UV)�/ log (�X-ray /�UV), where l(�) is the
monochromatic luminosity (in ergs s�1 Hz�1) at frequency � in
the rest frame, has been the subject of many studies over the last
two decades (e.g.,Avni&Tananbaum1982, 1986, hereafterAT86;
Kriss &Canizares 1985; Anderson&Margon 1987;Wilkes et al.
1994; Vignali et al. 2003; Strateva et al. 2005). Most of these
investigations examined the relationship between the 25008 and
2 keV monochromatic luminosities, reducing the �OX relation-
ship to�OX ¼ 0:3838 log (l2 keV /l2500 8). These studies have usu-
ally found that �OX is anticorrelated with UV luminosity, with
at most a weak anticorrelation with redshift (but see Yuan et al.
1998; Bechtold et al. 2003; Shen et al. 2006). Understanding the
relationship between the intrinsic UV and X-ray emission from
AGNs and its evolution through cosmic time is important for
testing energy generation models in AGNs, deriving bolometric
corrections for AGNs that are used in estimating their luminos-
ities and accretion rates, identifying X-ray-weak AGNs, and esti-
mating additional X-ray emission linked with jets in radio-loud

AGNs. In addition, understanding how �OX evolves with redshift
aids in resolving discrepancies between the luminosity functions
derived from optical (e.g., Boyle et al. 2000; Wolf et al. 2003;
Richards et al. 2005) and X-ray (e.g., Miyaji et al. 2000; Steffen
et al. 2003; Ueda et al. 2003, hereafter U03; Barger et al. 2005;
Hasinger et al. 2005; La Franca et al. 2005) AGN samples, which
map the evolution of the accretion onto supermassive black holes
(SMBHs) in the universe.
To provide tight constraints on �OX(l, z), any degeneracies

between luminosity and redshift must be broken. This is difficult
in flux-limited samples, as l and z are typically strongly corre-
lated. To obtain good coverage of the l-z plane while maintaining
a high X-ray detection fraction, it is necessary to combine both
wide-field and deeper, narrow-field surveys. To achieve this goal
we expand here on the �OX work of Strateva et al. (2005, here-
after S05), who used the wide-field Sloan Digital Sky Survey
(SDSS; York et al. 2000) quasar sample along with low-redshift
(z < 0:2) Seyfert 1 galaxies and high-redshift (z > 4) optically
selected AGNs. We add to this sample moderate-luminosity, op-
tically selected AGNs from the deep, narrow-field (0.26 deg2)
COMBO-17 survey (Wolf et al. 2004) centered on the Extended
Chandra Deep Field–South (E-CDF-S; Lehmer et al. 2005),
alongwith a well-studied sample of luminous Bright Quasar Sur-
vey (BQS) quasars (Schmidt & Green 1983) at z < 0:5 and
additional optically selected AGNs at z > 4 (Kelly et al. 2005;
Shemmer et al. 2005; Vignali et al. 2005). The AGNs optically
selected in the COMBO-17 survey extend �3 mag fainter than
those used in previous �OX studies (e.g., B ¼ 19:2, AT86; and
B ¼ 19:5, Anderson & Margon 1987) and have a substantially
higher sky density than the SDSS quasar sample (�670 deg�2

versus �10 deg�2; Wolf et al. 2004; Schneider et al. 2005).
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These COMBO-17 AGNs are representative of most of the op-
tically selectable AGNs in the universe.

While deep X-ray surveys can provide even higher AGN sky
densities (up to’7000 deg�2; e.g., Alexander et al. 2003), X-ray-
selected samples are dominated by obscured sources (e.g., Bauer
et al. 2004). In the UV, this obscuration leads to increased con-
tamination from the host galaxy and uncertain absorption correc-
tions (e.g., Moran et al. 2002). The X-ray absorption corrections
are also often uncertain, mainly due to the poor signal-to-noise
ratio of X-ray spectra with low photon counts. It is therefore dif-
ficult to measure the intrinsic emission from these obscured
AGNs, and thus they do not significantly elucidate the intrinsic
energy generation mechanisms within AGNs.

The exclusion of obscured sources from our analyses does
not necessarily mean our conclusions below are valid for un-
obscured sources only. Our results are still applicable to obscured
AGNs if the obscuration is a line-of-sight orientation effect and
does not affect the intrinsic energy generation mechanisms within
AGNs (i.e., if the ‘‘unified’’ AGN model is valid; see Antonucci
[1993] for a review). This will apply even given the recent
evidence for luminosity-dependent obscuration found in X-ray-
selected AGN samples (e.g., Steffen et al. 2003; U03; Barger
et al. 2005; La Franca et al. 2005).

We briefly introduce the optical and X-ray samples used in this
paper in x 2. In x 3 we discuss the analysis of the correlations
between l2500 8 , l 2 keV, �OX, and redshift. We discuss our find-
ings and present our conclusions in x 4. We use J2000.0 coordi-
nates and the cosmological parameters H0 ¼ 70 km s�1 Mpc�1,
�M ¼ 0:3, and �� ¼ 0:7.

2. SAMPLE

To search for correlations among l2500 8 , l2 keV, �OX, and red-
shift within optically selected AGN samples, it is best to cover as
much of the l-z plane as possible to minimize degeneracies. It is
also important to eliminate AGNs with intrinsic absorption that
can affect UVandX-ray photons differently and radio-loudAGNs
that can have additional UV and X-ray flux associated with the
radio jet (e.g., Worrall et al. 1987; Wilkes & Elvis 1987; Worrall
& Birkinshaw 2006). To this end we combine the data from S05
with the optically selected, moderate-luminosity AGNs from the
COMBO-17 survey, a subsample of sources from the BQS qua-
sar catalog that includes higher luminosity, optically selected
AGNs, and additional optically selected, z > 4 AGNs. We de-
scribe our AGN sample below, starting with a brief description of
the S05 catalog.

2.1. Strateva et al. (2005) Sample

The main S05 sample is composed of broad-line AGNs opti-
cally selected viamultiband photometry in the SDSSData Release
2 (DR2; Abazajian et al. 2004), excluding broad absorption-line
quasars (BALQSOs) and radio-loud sources. The S05 sample is
an unbiased subsample of the full SDSS DR2 AGN catalog, se-
lecting sources with medium-deep (>11 ks) ROSAT PSPC ob-
servations. Of the 155 SDSS DR2 AGNs in the S05 sample, 126
(81%) have X-ray detections. X-ray upper limits were calcu-
lated for the remaining 29 sources. The 155 AGNs span redshifts
0:2 < z < 3:5.

To extend their l-z plane coverage, S05 include the low-
redshift Seyfert 1 sample of Walter & Fink (1993), excluding the
radio-loud sources (L5 GHz > 1025 W Hz�1). Twelve of these
AGNs are also included in the well-defined BQS (see x 2.2.2),
and thus we have removed them from the S05 sample. For their
high-redshift sample, S05 include optically selected, z > 4 qua-

sars from the SDSS, the Palomar Digital Sky Survey (Djorgovski
et al. 1998), and the Automatic Plate Measuring Facility (APM)
survey (Irwin et al. 1991). These high-redshift AGNs were spe-
cifically targeted by Chandra and XMM-Newton, and S05 again
eliminated radio-loud sources and BALQSOs from their sample.
It is important to note that all of these optically selected, high-
redshift AGNs would have met the SDSS AGN color selection
criteria, so the introduction of the sources from other surveys
does not bias the S05 sample. This high-redshift sample includes
36 AGNs, increasing the S05 total sample size to 216 optically
selected AGNs (after removing the 12 Seyfert 1 galaxies also
observed in the BQS), 183 (85%) of which have detected X-ray
counterparts and 33 (15%) of which have X-ray upper limits.

2.2. New Objects in This Study

2.2.1. COMBO-17

To extend the AGN sample to fainter luminosities we include
the optically selected AGNs from the portion of the COMBO-17
survey that covers the E-CDF-S (Wolf et al. 2004). To determine
whether the COMBO-17 AGNs are indeed consistent with being
a fainter extension of the SDSS AGNs, we examine the color-
magnitude distributions of the two populations. Figure 1 shows
the apparent i-band point-spread function (PSF) magnitudes ver-
sus the relative g� i colors for the COMBO-17AGNs (diamonds),
the SDSS AGNs (circles), and the BQS sample covered by SDSS

Fig. 1.—Apparent i-band PSF magnitude vs. relative g� i color, �(g� i ),
for our selected COMBO-17 sample (diamonds), the SDSS sample (circles),
and the BQS sample (triangles). For comparison, the full SDSS DR2 sample
is shown as a contour enclosing 90% of the data, with small dots representing
the outliers. Any sources with significant galaxy contributions that could affect
their observed colors [identified spectroscopically for SDSS AGNs and labeled
‘‘QSO (GAL?)’’ in the COMBO-17 survey] are enclosed by squares. COMBO-17
sources with z > 2:1 are denoted by open diamonds. The BQS sample sources
observed in the SDSS are denoted with large symbols, and sources with SDSS
magnitudes derived from other bands are denoted with small symbols. In the
computation of �(g� i ), only AGNs with point-source morphology were used
to determine the median g� i color as a function of redshift to prevent artificial
reddening due to host-galaxy contamination. The characteristic i-bandmagnitude
ranges for the BQS, SDSS, and COMBO-17 samples are denoted along the left
side of the figure. [See the electronic edition of the Journal for a color version of
this figure.]
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(large triangles) and with SDSS colors derived from APM
magnitudes (small triangles). The SDSS g and imagnitudes were
calculated for the COMBO-17 AGNs using the observed BVRI
magnitudes and the color transformations calculated by Jester
et al. (2005). These AGN color transformations are for sources
with redshifts z < 2:1. In Figure 1we denoteCOMBO-17 sources
beyond this redshift with open diamonds. The relative g� i col-
ors, denoted as �(g� i ), were constructed by subtracting the
median g� i color of the DR2 AGNs as a function of redshift
from the observed g� i color. Relative (i.e., redshift-corrected)
colors can be used to detect significant differences in the optical /
UV continuua of AGNs (Richards et al. 2003), so they can be
used to compare the SDSS and COMBO-17 AGN populations.
From Figure 1 it appears that the COMBO-17 AGN sample is
plausibly the faint extension of the SDSS AGN population.

The COMBO-17 survey used observations in 5 broadband
and 12medium-band filters spanning the optical regime to derive
photometric redshifts and ‘‘fuzzy’’spectra for over 63,000 sources
in the E-CDF-S field. Wolf et al. (2004) find 175 sources with
photometric colors that are best matched by the SDSS broad-line
QSO template spectrum of Vanden Berk et al. (2001). Their
method preferentially selects broad-line AGNs, but narrow-line
sources with strong AGN emission lines could also be selected.

The 17-band photometry and use of multiple galaxy/AGN
templates allows the COMBO-17 survey to measure among the
most accurate photometric redshifts to date. To examine the qual-
ity of the photometric redshifts for the COMBO-17 AGNs, we
compared the photometric redshifts with a compilation of pub-
licly available spectroscopic redshifts of sources within the Great
Observatories Origins Deep Survey–South (GOODS-South) field
created by A. Rettura.6 For our study, we find spectroscopic red-
shifts for 12 COMBO-17 AGNs and use photometric redshifts
for the remaining sources. Overall, we find excellent agreement
between the photometric and spectroscopic redshifts for AGNs
at the magnitudes we consider below. The spectroscopic redshifts
for 11 sources differ by less than 5% from their measured pho-
tometric redshifts. Only 1 of the 12 COMBO-17 sources with
measured spectroscopic redshifts has a photometric redshift that
significantly disagrees with the spectroscopic value (COMBO-17
ID: 30792; zphot ¼ 1:929; zspec ¼ 0:743).

To obtain monochromatic 2 keV X-ray luminosities (or upper
limits) for these COMBO-17 AGNs, we match the sources to the
E-CDF-S and the Chandra Deep Field–South (CDF-S; Alexander
et al. 2003) X-ray catalogs. The E-CDF-S is composed of four
250 ks Chandra observations that cover the entire COMBO-17
field (Lehmer et al. 2005). The 1Ms CDF-S probes fainter fluxes
than the E-CDF-S, but it does not cover the entire COMBO-17
field. We use a 200 matching radius to identify the X-ray counter-
parts of the COMBO-17 AGNs, and we estimate the false-match
probability to be <0.5%. All of the COMBO-17 sources with
X-ray counterparts were detected in the E-CDF-S, and none had
more than one X-ray counterpart. We use the CDF-S to derive
X-ray upper limits only when COMBO-17 AGNs are not de-
tected in the overlapping E-CDF-S fields.

To minimize potential contamination of our correlation
analysis below we impose two unbiased selection criteria on the
full COMBO-17 AGN sample. First, we only consider sources
brighter than R ¼ 23. At these magnitudes the probability of
a COMBO-17 source being misidentified as an AGN is low
(�1%; Wolf et al. 2004). In addition, at R > 23 the fraction of

COMBO-17 AGNs with X-ray detections drops quickly. This
magnitude threshold ensures that the fraction of AGNs with
X-ray detections remains high, reducing the impact of X-ray
limits in our analysis. Second, we only include sources that have
Hubble Space Telescope (HST ) ACS data from either the Galaxy
Evolution fromMorphology and SEDs (GEMS; Rix et al. 2004)
survey or the GOODS (Giavalisco et al. 2004). These high-
resolution data, which cover�84% of the COMBO-17 field, can
be used to minimize the galaxy contribution to the UV luminos-
ity of the COMBO-17 sources identified as being extended ob-
jects [flagged as ‘‘QSO (GAL?)’’ in Wolf et al. 2004]. These two
selection criteria reduce the COMBO-17 AGN sample from 175
to 60 sources, with 49 (82%) having X-ray detections and 13
(22%) identified as extended objects.
Using the high-resolution GEMS and GOODS ACS V-band

images we identified four COMBO-17 AGNs (COMBO-17 IDs:
5498, 18324, 31898, and 50415) that were incorrectly classified
as extended sources but are actually close sources blended to-
gether in the lower resolution COMBO-17 images. We corrected
the COMBO-17 classification for these blended sources. For the
remaining nine extended COMBO-17 AGNs we attempted to
minimize the contribution of the host galaxies to the measured
optical /UV luminosities of the AGNs. Using the high-resolution
ACS images we compared the magnitudes of the COMBO-17
AGNs using 300 and 0B5 apertures. A mean magnitude difference
of 0.35 mag was calculated for the unresolved COMBO-17
AGNs. For the extended sources, we calculated the magnitude
differences using the same aperture sizes. Any magnitude offsets
exceeding the mean difference calculated for the pointlike AGNs
were considered to be caused by excess light from the host gal-
axy. We subtracted this host-galaxy contribution from the ob-
served COMBO-17 R-band magnitudes and found that six of the
nine extended sources subsequently fell below our R ¼ 23 mag
limit. Since these extended AGNs would not have met our mag-
nitude criterion without the additional flux from the host galaxy,
we exclude them fromour sample, reducing it to 54 sources. None
of these six AGNs has an X-ray detection.
We attempted to remove both radio-loud and obscured AGNs

from our sample of COMBO-17 AGNs. Using 1.4 GHz VLA
radio maps covering the COMBO-17 field (Kellermann et al.
2004) we found that only 5 of the 54 COMBO-17 AGNs have
detected radio counterparts. We used the 1.4 GHz flux limit of
40 �Jy (5 �), quoted by Kellermann et al. (2004), as an upper
limit for the undetected radio sources. We calculated the radio-
loudness parameter, R, using the COMBO-17 B-band mono-
chromatic flux (k ¼ 43508) and converting the observed1.4GHz
flux density to rest-frame 5 GHz, assuming S(�) / ��0:8. We
eliminated the two COMBO-17 AGNs with R > 30 and give
the values (or limits) of R for the remaining sources in Table 1.
Our final COMBO-17 AGN sample consists of 52 sources, with
47 (90%) having X-ray counterparts.
We interpolate the optical data to find the monochromatic lu-

minosity at 2500 8 for each COMBO-17 source using the red-
shifts and the 12medium-band photon fluxes given byWolf et al.
(2004). These bands range between 4180 and 91408, which, for
rest-frame 2500 8, corresponds to a redshift range of 0:67 <
z < 2:66. For the 15 sources outside of this redshift range we lin-
early extrapolate to find the 2500 8 luminosity. We calculate the
monochromatic 2 keV luminosities from the 0.5–2 keV luminos-
ities, assuming a power-law X-ray spectrum with � ¼ 2. Table 1
lists the properties of the COMBO-17 AGN sample, including
the COMBO-17 ID from Wolf et al. (2004); the E-CDF-S ID
from Lehmer et al. (2005); the sources’ positions and redshifts;
monochromatic 25008 and 2 keV fluxes and luminosities;�OX;

6 Available at http://www.eso.org /science /goods /spectroscopy/CDFS_

Mastercat.
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TABLE 1

COMBO-17/E-CDF-S AGN Data

COMBO-17 ID

(1)

E-CDF-S ID

(2)

� J2000.0

(3)

�J2000.0
(4)

z

(5)

log ( f2500 8)

(6)

log ( l2500 8)

(7)

log ( f2 keV)

(8)

log (l2 keV)

(9)

�OX

(10)

�

(11)

R

(12)

1257......................... 399 03 32 32.28 �28 03 28.2 1.231 �28.19 29.40 �31.51 26.08 �1.27 1.49 <3.20

1731......................... 678 03 33 22.85 �28 03 12.9 1.499 �28.47 29.29 �32.20 25.56 �1.43 2.04 <5.79

2006......................... 397 03 32 32.00 �28 03 09.9 1.966 �27.37 30.60 �31.12 26.85 �1.44 1.56 <0.43

4050......................... 357 03 32 20.31 �28 02 14.7 1.635 �27.80 30.03 �31.53 26.29 �1.43 1.89 <1.17

4809......................... 99 03 31 36.25 �28 01 49.6 1.988 �28.31 29.67 �31.72 26.26 �1.31 1.79 <3.51

4995......................... 234 03 31 56.88 �28 01 49.1 1.412 �28.50 29.21 �32.39 25.31 �1.49 1.87 <5.65

5498a ....................... 630 03 33 16.07 �28 01 31.3 2.075 �28.45 29.56 �31.97 26.04 �1.35 1.62 <7.22

6735......................... 566 03 33 06.26 �28 00 55.5 2.444 �28.32 29.82 �31.99 26.14 �1.41 1.89 <3.91

6817......................... 53 03 31 27.79 �28 00 51.0 1.988 �28.04 29.94 �31.96 26.02 �1.51 1.49 <2.33

7570b ....................... . . . 03 33 08.03 �28 00 30.8 3.583 �27.44 30.97 <�32.81 <25.60 <�2.06 . . . <4.18

7671......................... 198 03 31 51.80 �28 00 25.7 2.436 �28.44 29.69 �31.97 26.17 �1.35 1.94 <4.47

11818....................... . . . 03 32 55.98 �27 58 45.3 4.021 �28.26 30.23 <�33.47 <25.53 <�1.80 . . . <36.14

11922....................... 587 03 33 09.11 �27 58 26.6 2.539 �28.33 29.84 �32.02 26.45 �1.30 1.42 <6.67

11941....................... 699 03 33 26.24 �27 58 29.7 2.172 �27.74 30.30 �31.39 26.46 �1.48 2.12 <1.07

12325....................... 541 03 33 01.70 �27 58 18.8 1.843 �27.64 30.28 �31.17 26.66 �1.39 1.51 <0.66

13332....................... 600 03 33 10.63 �27 57 48.5 1.602 �27.99 29.82 �31.53 26.19 �1.39 1.97 <2.11

15396....................... 343 03 32 16.13 �27 56 44.1 2.682 �28.39 29.81 �32.68 25.64 �1.60 1.33 <6.72

15731....................... 711 03 33 28.93 �27 56 41.1 0.835 �27.65 29.61 �30.82 26.29 �1.28 1.82 <0.78

16621....................... 595 03 33 09.70 �27 56 13.9 2.540 �27.47 30.69 �32.05 26.44 �1.63 1.80 <0.60

17229....................... . . . 03 32 22.57 �27 55 54.4 2.870 �28.54 29.71 <�33.20 <25.07 <�1.78 . . . <14.68

18256....................... 677 03 33 22.79 �27 55 23.7 1.647 �27.78 30.05 �31.93 26.06 �1.53 2.01 <1.14

18324a ..................... 531 03 33 00.77 �27 55 20.6 1.990 �28.43 29.55 �31.43 26.47 �1.18 2.23 <6.82

19965....................... 154 03 31 45.20 �27 54 35.6 0.634 �27.51 29.51 �31.22 25.47 �1.55 1.92 <0.55

25042....................... 434 03 32 41.85 �27 52 02.4 3.610c �28.08 30.34 �32.02 26.48 �1.48 1.43 <12.09

25884....................... 95 03 31 35.77 �27 51 34.7 1.630 �28.14 29.68 �31.43 26.39 �1.26 1.67 <3.61

30792....................... 440 03 32 43.24 �27 49 14.1 0.743c �28.60 28.56 �31.79 25.14 �1.31 1.66 <5.72

33069....................... 308 03 32 09.45 �27 48 06.7 2.810c �27.53 30.71 �32.23 26.04 �1.79 0.82 <1.41

33630....................... 119 03 31 40.12 �27 47 46.4 2.719 �28.32 29.90 �31.99 26.23 �1.41 1.59 <3.72

33644....................... 525 03 32 59.85 �27 47 48.2 2.538 �28.15 30.02 �31.74 26.76 �1.25 1.71 <2.35

34357....................... 304 03 32 08.67 �27 47 34.2 0.543c �27.33 29.55 �30.55 25.89 �1.40 1.73 13.89

36120....................... 180 03 31 49.41 �27 46 34.0 2.306 �28.35 29.74 �32.09 25.85 �1.49 1.42 <5.10

37487....................... 422 03 32 39.08 �27 46 01.8 1.216c �27.86 29.73 �32.68 25.01 �1.81 1.07 <1.25

38551....................... 390 03 32 29.98 �27 45 29.8 1.221c �28.03 29.56 �31.53 26.00 �1.37 1.66 <1.88

38905....................... 549 03 33 03.62 �27 45 18.7 1.264 �28.71 28.90 �32.05 25.66 �1.25 1.55 <11.94

39432....................... 393 03 32 30.22 �27 45 04.5 0.735c �28.52 28.63 �31.85 25.33 �1.27 1.88 <4.83

42601b ..................... 515 03 32 59.07 �27 43 39.5 0.510 �27.98 28.85 �31.52 24.90 �1.51 1.67 <3.60

43151....................... 249 03 32 00.36 �27 43 19.5 1.037c �28.42 29.03 �31.70 25.48 �1.36 1.54 <4.70

44126....................... 583 03 33 08.78 �27 42 54.4 0.729 �28.91 28.23 �31.78 25.06 �1.22 1.74 <11.20

47615....................... 191 03 31 50.96 �27 41 15.7 0.649 �28.52 28.52 �31.96 25.11 �1.31 1.79 <5.92

48284....................... 378 03 32 27.01 �27 41 04.9 0.734c �27.16 29.99 �30.61 26.25 �1.43 1.79 5.59

48870....................... 712 03 33 28.94 �27 40 43.7 2.146 �28.46 29.57 �31.68 26.66 �1.12 1.61 <5.64

49298....................... 374 03 32 26.49 �27 40 35.5 1.031c �27.52 29.93 �31.37 26.03 �1.49 2.08 <0.61

50415a ..................... 412 03 32 37.45 �27 40 00.1 0.666c �28.89 28.17 �32.21 24.73 �1.32 1.83 <11.25

50997....................... 416 03 32 38.12 �27 39 44.8 0.837c �27.71 29.55 �31.38 25.90 �1.40 2.05 <0.92

51835....................... 118 03 31 40.05 �27 39 17.6 2.179 �28.60 29.45 �32.51 25.63 �1.47 1.50 <7.73

52963....................... . . . 03 32 52.60 �27 38 46.2 0.548 �28.67 28.22 <�33.30 <23.59 <�1.78 . . . <7.38

54839....................... 116 03 31 39.25 �27 37 52.0 1.428 �28.34 29.38 �31.88 26.04 �1.28 1.88 <4.61

54969b ..................... . . . 03 32 49.28 �27 37 56.7 3.361 �27.39 30.97 <�33.09 <25.61 <�2.06 . . . <1.23

56074....................... 320 03 32 11.65 �27 37 25.9 1.574 �26.96 30.83 �31.13 26.84 �1.53 1.44 19.50

57653....................... 35 03 31 23.53 �27 36 31.6 1.653 �28.25 29.58 �32.70 25.25 �1.66 1.40 <3.74

58478....................... 516 03 32 59.19 �27 36 11.7 1.348 �28.01 29.66 �32.05 25.77 �1.49 2.12 <2.55

60939....................... 245 03 31 58.91 �27 35 16.1 2.794 �28.29 29.94 �32.37 26.21 �1.43 0.96 <7.46

Notes.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds. Units for cols. (6) and (8) are
ergs cm�2 s�1 Hz�1. Units for cols. (7) and (9) are ergs s�1 Hz�1.

a Blend.
b QSO (GAL?).
c Spectroscopic redshift.



the effective X-ray power-law photon index (� ); R; and a column
identifying blended or extended COMBO-17 AGNs.

Since the majority of the COMBO-17 AGNs do not have
optical spectra, we cannot easily identify obscured AGNs (using
emission-line and absorption-line diagnostics) that may con-
taminate our sample. To identify potential obscured COMBO-17
AGNs, we test the �OX correlations below after removing the
22 sources with an effective X-ray power-law photon index � <
1:6,which is indicative of X-ray obscuration (Lehmer et al. 2005).
This procedure does not help to identify potential obscured AGNs
in the small number of COMBO-17 sources without X-ray coun-
terparts; these sources will need future spectroscopic observa-
tions to identify possible absorption.

The �OX distribution of our COMBO-17 AGN sample is
shown in Figure 2. COMBO-17AGNs that havemeasured effec-
tive photon indices of � < 1:6 and sources that have �OX upper
limits are shown as hatched and shaded histograms, respectively.
The COMBO-17 AGNs typically have flatter �OX values than
those calculated for more luminous AGN samples. This is consis-
tent with the observed anticorrelation between �OX and optical/
UV luminosity seen in the studies mentioned in x 1, where the
value of �OX falls with increasing l2500 8. For comparison, we
mark the mean �OX values for the three AGN samples used in
S05 in Figure 2.

2.2.2. Bright Quasar Survey

To increase the luminosity range covered at low redshifts
we included a set of 46 BQS quasars with z < 0:5 analyzed by
Brandt et al. (2000). While the BQS sample does extend beyond
z ¼ 0:5, Jester et al. (2005) found a bias against detecting AGNs
in the BQS catalog in the redshift range 0:5 < z < 1:0. Since the
BQS sample is meant to be a higher luminosity complement
to the S05 and Seyfert 1 samples at low redshifts, we removed
21 AGNs with MB > �23. This luminosity threshold also re-
moves fainter AGNs, which are more likely to be affected by con-
tamination from their host galaxies. We excluded 13 radio-loud
AGNs and five known BALQSOs (see footnote 4 in Brandt
et al. 2000). In addition, following the arguments of Brandt et al.
(2000), we also exclude two BQS quasars that have significant
UVabsorption but do not meet the formal criteria for BALQSOs:

PG 1351+640 (e.g., Zheng et al. 2001) and PG 1411+442 (e.g.,
Malkan et al. 1987).
We converted the f3000 8 values used in Brandt et al. (2000) to

l2500 8, assuming f (�) / ��� with� ¼ �0:5.We used PIMMS7

to calculate the monochromatic 2 keV luminosity, assuming a
power-law spectrum with � ¼ 2, from the ROSAT 0.5–2.0 keV
pointed PSPC count rate when available and from the 0.5–
2.0 keV ROSAT All Sky Survey (RASS) count rate when no
pointed ROSAT observation existed. An X-ray upper limit for
one BQS quasar with no X-ray counterpart was calculated from
the RASS. Our BQS sample contains 46 sources, with 45 (98%)
having X-ray detections. We used the astrometry presented in
Jester et al. (2005) for the BQS sources included therein and the
astrometry from Véron-Cetty & Véron (2003) for the remaining
sources. Table 2 presents the BQS sources’ names, positions, and
redshifts, along with the monochromatic 25008 and 2 keV fluxes
and luminosities and �OX.

2.2.3. Additional High-z AGNs

To increase the size of our high-redshift sample we included
recently published, optically selected AGNs with z > 4. We in-
cluded the 10 luminous quasars listed in Table 3 of Vignali et al.
(2005) (excluding theBALQSOPSS1506+5220) and three radio-
quiet AGNs from Shemmer et al. (2005) that were not included
in S05 (Q0000�263, BR 0351�1034, and BR 2237�0607). To
extend the coverage of our sample to somewhat lower luminos-
ities at z > 4we included a sample of six optically selected, faint,
radio-quiet, non-BALQSO sources targeted in >10 ks Chandra
observations (Kelly et al. 2005). We analyzed these X-ray and
optical data in the samemanner as outlined inVignali et al. (2005).
We briefly present these data in the Appendix. The addition of
these three optically selected, z > 4 AGN samples adds 19 opti-
cally selected AGNs to our total sample, 18 (94%) of which have
X-ray detections.
For comparison purposes, we also plot the eight8 published

X-ray-selected, radio-quiet, z > 4 AGNs (crosses) in Figures 3–
9. We present the observed properties of these sources in Table 7
in the Appendix.While these X-ray-selected AGNs substantially
extend the coverage of the UV luminosity-redshift plane at high
redshifts (see Fig. 3, left), we do not include these AGNs in our
formal analyses, as they have been selected with different criteria
than the other optically selectedAGN samples. However, in x 4.3
we discuss how these AGNs fit into the relations derived in x 3
using the optically selected AGN samples.

2.3. Full Sample

The full sample used in our analysis consists of 333 AGNs,
293 (88%) of which have X-ray detections; this is a much higher
X-ray detection fraction than for most previous analyses, where
the detection fraction is typically 10%–50%. The number ofAGNs
contributed by each sample, and their respective X-ray detec-
tion fractions, are summarized in Table 3. Figure 3 shows the
monochromatic 2500 8 (left) and 2 keV (right) luminosity ver-
sus redshift for the combined AGN sample. The addition of the
COMBO-17 (diamonds) and BQS (downward-pointing triangles)
AGNs to the S05 data substantially improves the luminosity

Fig. 2.—Histogram of the �OX values for the 52 COMBO-17 AGNs in-
cluded in our sample. The mean of the distribution is shown with a dotted line.
COMBO-17 AGNs with � < 1:6 are marked (hatched histogram). Sources with
�OX upper limits (i.e., without X-ray detections) are also marked (shaded histo-
gram). The left-pointing arrow indicates the direction of the limits. For com-
parison, we show themean�OX values for the three AGN samples in S05, which
are described in Table 3.

7 The Portable InteractiveMulti-Mission Simulator, available at http://heasarc
.gsfc.nasa.gov/Tools/w3pimms.html.

8 We excluded the two known X-ray-selected, radio-loud, z > 4 AGNs,
RX J1028.6�0844 (z ¼ 4:28; Zickgraf et al. 1997) and RX J1759.4+6638
(z ¼ 4:32; Henry et al. 1994). An up-to-date compilation of z > 4 AGNs with
X-ray detections is available at http://www.astro.psu.edu /users/niel /papers/
highz-xray-detected.dat.
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range covered out to z � 3, corresponding to ’85% of cosmic
history.

3. PARTIAL-CORRELATION
AND LINEAR-REGRESSION ANALYSES

To measure properly the correlations among l 2500 8 , l 2 keV,
�OX, and redshift, we must attempt to eliminate (or minimize)
potential sources of bias from our analysis. Following the argu-
ments of Kembhavi et al. (1986), we use the AGN luminosi-
ties in our calculations and not the measured fluxes, which, if
used, can yield different results depending on the cosmology and
k-corrections assumed. However, using the luminosities can in-
troduce a different bias, since luminosity and redshift are typi-

cally correlated in flux-limited samples. Our sample was con-
structed to cover a large area of the l-z plane, which acts to break
this degeneracy.

While the majority of the AGNs in our sample have X-ray
detections (88%), we cannot overlook the effects of sources with
X-ray upper limits. In addition, our sample data undoubtedly con-
tain intrinsic scatter that is not quantified in our measurements.
We have minimized the effects of some sources of intrinsic scat-
ter such as host-galaxy contamination, obscuration, and excess
UV and X-ray flux associated with radio jets (as discussed in
x 2.2.1). Another source of intrinsic scatter in our data is caused
by AGN variability, which affects our calculations of �OX, since
the optical and X-ray observations were not taken concurrently.

TABLE 2

BQS/ROSAT AGN Data

Name

(1)

� J2000.0

(2)

�J2000.0
(3)

z

(4)

log ( f2500 8)

(ergs cm�2 s�1 Hz�1)

(5)

log (l2500 8)

(ergs s�1 Hz�1)

(6)

log ( f2 keV)

(ergs cm�2 s�1 Hz�1)

(7)

log (l2 keV)

(ergs s�1 Hz�1)

(8)

�OX

(9)

PG 0026+129...... 00 29 13.8 +13 16 05 0.142 �25.47 30.20 �29.21 26.46 �1.44

PG 0050+124...... 00 53 34.9 +12 41 36 0.061 �25.24 29.69 �28.96 25.96 �1.43

PG 0052+251...... 00 54 52.2 +25 25 39 0.155 �25.51 30.24 �29.12 26.64 �1.39

PG 0157+001...... 01 59 50.25 +00 23 40.8 0.164 �25.73 30.07 �29.83 25.97 �1.57

PG 0804+761...... 08 10 58.5 +76 02 43 0.100 �25.01 30.35 �28.91 26.45 �1.50

PG 0838+770...... 08 44 45.3 +76 53 10 0.131 �25.79 29.81 �29.76 25.84 �1.52

PG 0844+349...... 08 47 42.47 +34 45 04.4 0.064 �25.40 29.57 �30.28 24.69 �1.87

PG 0923+201...... 09 25 54.7 +19 54 04 0.190 �25.64 30.29 �29.59 26.34 �1.52

PG 0947+396...... 09 50 48.39 +39 26 50.5 0.206 �26.05 29.96 �29.60 26.41 �1.36

PG 0953+414...... 09 56 52.39 +41 15 22.2 0.239 �25.50 30.64 �29.50 26.64 �1.54

PG 1012+008...... 10 14 54.90 +00 33 37.4 0.185 �25.83 30.08 �30.02 25.89 �1.61

PG 1048+342...... 10 51 43.8 +33 59 26 0.167 �25.94 29.88 �29.85 25.97 �1.50

PG 1049�005 ..... 10 51 51.50 �00 51 17.7 0.357 �25.76 30.74 �30.18 26.32 �1.70

PG 1114+445 ...... 11 17 06.40 +44 13 33.3 0.144 �25.88 29.81 �30.14 25.54 �1.64

PG 1115+407 ...... 11 18 30.29 +40 25 54.0 0.154 �26.06 29.69 �29.86 25.89 �1.46

PG 1116+215 ...... 11 19 08.8 +21 19 18 0.177 �25.26 30.62 �29.35 26.52 �1.57

PG 1121+422...... 11 24 39.18 +42 01 45.0 0.234 �26.15 29.97 �29.88 26.24 �1.43

PG 1151+117 ...... 11 53 49.27 +11 28 30.4 0.176 �25.90 29.96 �29.56 26.30 �1.40

PG 1202+281...... 12 04 42.1 +27 54 12 0.165 �26.07 29.73 �29.52 26.29 �1.32

PG 1211+143...... 12 14 17.7 +14 03 13 0.085 �25.04 30.18 �28.85 26.37 �1.46

PG 1216+069...... 12 19 20.93 +06 38 38.5 0.334 �25.72 30.72 �29.58 26.86 �1.48

PG 1229+204...... 12 32 03.6 +20 09 30 0.064 �25.48 29.49 �29.15 25.82 �1.41

PG 1259+593...... 13 01 12.93 +59 02 06.8 0.472 �25.69 31.06 <�30.20 <26.55 <�1.73

PG 1307+085...... 13 09 47.00 +08 19 48.2 0.155 �25.54 30.21 �29.47 26.29 �1.51

PG 1322+659...... 13 23 49.52 +65 41 48.2 0.168 �25.83 29.99 �29.56 26.26 �1.43

PG 1352+183...... 13 54 35.6 +18 05 18 0.158 �25.78 29.99 �29.59 26.18 �1.46

PG 1354+213...... 13 56 32.8 +21 03 51 0.300 �26.29 30.06 �29.98 26.37 �1.42

PG 1402+261...... 14 05 16.2 +25 55 34 0.164 �25.62 30.19 �29.45 26.35 �1.47

PG 1404+226...... 14 06 21.9 +22 23 47 0.098 �26.10 29.25 �29.51 25.83 �1.31

PG 1415+451...... 14 17 00.82 +44 56 06.4 0.114 �25.95 29.52 �29.97 25.51 �1.54

PG 1416�129 ..... 14 19 03.8 �13 10 45 0.129 �25.12 30.47 �29.17 26.42 �1.55

PG 1426+015...... 14 29 06.57 +01 17 06.1 0.086 �25.13 30.10 �28.91 26.32 �1.45

PG 1427+480...... 14 29 43.07 +47 47 26.2 0.221 �26.09 29.98 �29.96 26.11 �1.49

PG 1435�067 ..... 14 38 16.2 �06 58 20 0.129 �25.39 30.20 �29.47 26.12 �1.56

PG 1440+356...... 14 42 07.47 +35 26 23.0 0.077 �25.52 29.61 �29.03 26.10 �1.35

PG 1444+407...... 14 46 45.94 +40 35 05.8 0.267 �25.85 30.39 �29.98 26.26 �1.59

PG 1519+226...... 15 21 14.3 +22 27 44 0.137 �25.86 29.78 �29.95 25.69 �1.57

PG 1543+489...... 15 45 30.24 +48 46 09.1 0.400 �26.00 30.61 �30.47 26.14 �1.72

PG 1552+085...... 15 54 44.58 +08 22 21.5 0.119 �25.81 29.71 �30.13 25.38 �1.66

PG 1612+261...... 16 14 13.20 +26 04 16.2 0.131 �25.77 29.83 �29.15 26.45 �1.30

PG 1613+658...... 16 13 57.2 +65 43 10 0.129 �25.78 29.81 �29.09 26.50 �1.27

PG 1617+175...... 16 20 11.2 +17 24 28 0.114 �25.32 30.16 �29.67 25.81 �1.67

PG 1626+554...... 16 27 56.2 +55 22 32 0.133 �25.87 29.74 �29.34 26.27 �1.33

PG 2130+099...... 21 32 27.82 +10 08 19.2 0.061 �25.20 29.72 �28.96 25.97 �1.44

PG 2214+139...... 22 17 12.26 +14 14 20.9 0.067 �25.44 29.57 �30.66 24.35 �2.00

PG 2233+134...... 22 36 07.68 +13 43 55.3 0.325 �25.90 30.52 �30.03 26.39 �1.59

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
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Unfortunately, the effects of variability cannot be corrected
and remain a significant source of intrinsic scatter in our data. To
measure the aforementioned correlations among these AGNs,
proper statistical tools must be used that take these issues into
consideration.

3.1. Statistical Tools

While our extended coverage of the l-z plane helps to break the
redshift bias introduced by using luminosities instead offluxes in
our analysis, a correlation between l and z can still be clearly seen
in Figure 3. To take into account this existing correlationwe use a
partial-correlation analysis method that is designed to measure

the correlation between two variables, controlling for the effects
of one or more additional variables. A partial-correlation method
that properly handles censored data was developed by Akritas &
Siebert (1996). This method builds on Kendall’s rank correlation
coefficient (Kendall 1938) and Kendall’s partial-rank-correlation
coefficient (Kendall 1970) to include censored data. To measure
the partial correlationswe use the FORTRANprogramCENS_TAU,
available from the Penn State Center for Astrostatistics,9 which
uses the methodology presented in Akritas & Siebert (1996). We
present the results of our partial-correlation analysis in Table 4.

TABLE 3

Summary of Samples Utilized

Sample Total AGNs Number X-Ray-detected

0.5�2.0 keV Limit

(ergs cm�2 s�1)

Area

(deg 2)

S05

SDSS .......................... 155 126 (81%) �10�14 15

Seyfert 1..................... 25a 25 (100%) �10�12 . . .b

High-z......................... 36 32 (89%) �10�15 . . .b

This Work

COMBO-17................ 52 47 (90%) �10�16 0.26

BQS............................ 46 45 (98%) �10�13 10, 714

High-z......................... 19 18 (95%) �10�15 . . .b

Full Sample

Total ........................... 333 293 (88%) . . . . . .b

a After removing the 12 sources that overlap with the BQS sample.
b Not well defined.

Fig. 3.—The 2500 8 luminosity (left) and 2 keV luminosity (right) vs. redshift for the S05 Seyfert 1 galaxy (upward-pointing triangles), SDSS (circles), and high-
redshift (squares) samples shown with the COMBO-17 (diamonds), BQS (downward-pointing triangles), and optically selected, high-redshift AGNs (stars). X-ray
upper limits are represented using open symbols (left) or arrows (right). The l2500 8-z subsample of 187 sources used in x 3.6 is denoted by the dotted-line box (left). The
properties of the known X-ray-selected AGNs at z > 4 (crosses) are also shown; these sources are not included in our formal analyses due to their different selection
criteria. [See the electronic edition of the Journal for a color version of this figure.]

9 Available at http://www.astrostatistics.psu.edu /statcodes/cens_ tau.
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In this table we also present the significance of the correlations
with the potentially obscured (�< 1:6; see x 2.2.1) COMBO-17
AGNs removed. With the exception of a slight decrease in the
significance in the l2 keV-l2500 8 correlation, there is no substantial
change in the results when these sources are removed. Therefore,
we use the full sample in our subsequent analyses.

To derive the linear-regression parameters for correlations, we
use the Astronomy Survival Analysis software package (ASURV
rev 1.2; Isobe et al. 1990; Lavalley et al. 1992), which implements
the bivariate data-analysis methods presented in Isobe et al.
(1986). ASURValso properly handles censored data using the
survival-analysismethods presented in Feigelson&Nelson (1985)
and Isobe et al. (1986). We performed linear regressions using
both the fully parametric EM (estimate and maximize) regression
algorithm (Dempster et al. 1977) and the semiparametric Buckley-
James regression algorithm (Buckley & James 1979). The EM
regression algorithm uses an iterative least-squares (ILS) method
that reduces to the traditional ordinary least-squares (OLS) method
when no censored data are present. We present the parameters
provided by the EM regression algorithm below, but in all cases
the results from the Buckley-James regression algorithm agreed
within the errors.

3.2. l2 keV versus l2500 8

Early X-ray studies of AGNs revealed a correlation between
X-ray and UV monochromatic luminosities, typically found to
be lX / l

�
UV, where � ’ 0:7 0:8 (see the references in x 1). The

observational evidence that � is not unity was unexpected and
led to suggestions that this finding was not an intrinsic property
of AGNs but rather an observational bias introduced as a result of
the larger scatter of lUV compared to lX (e.g., Chanan 1983; Yuan
et al. 1998). La Franca et al. (1995) found an l X-l UV correlation
consistent with � ¼ 1 using a generalized orthogonal regression
procedure that takes into account measurement errors on both
variables and intrinsic scatter. However, this method does not
properly take into account the effects of censored data, which
typically affect optically selected AGN samples. Currently, there
is no statistical analysis method that properly handles data with
both censoring and measurement errors (M. Akritas 2005, pri-
vate communication).

For our optically selected AGN sample we find a highly sig-
nificant (15.3 �) correlation between the observed monochro-

matic X-ray and UV luminosities. The EM linear-regression al-
gorithm in ASURV that we use to calculate the linear-regression
parameters is based on the traditional ordinary least-squares
method, OLS(Y |X ), which minimizes the residuals of the de-
pendent variable, Y (the EM method assumes the residuals are
Gaussian distributed). Since both l2 keV and l2500 8 are observed,
neither can be truly called the ‘‘independent’’ or ‘‘dependent’’
variable. Indeed, a different result can be obtained if the resid-
uals of the independent variable are instead minimized [i.e.,
OLS(X |Y )]. Rather than use the traditionalOLS(Y |X ), we choose
a method that instead provides a symmetric fit to the data. Fol-
lowing the arguments in x 5 of Isobe et al. (1990), we use the
OLS bisector, which simply bisects the two lines from the
OLS(Y |X ) and OLS(X |Y ), or in our case ILS(Y |X ) and
ILS(X |Y ), from the EM algorithm in ASURV.

We perform linear regressions with ASURVon the full sample
of 333 AGNs and find the relation between l2 keVand l2500 8 to be

log (l2 keV) ¼ (0:642 � 0:021) log (l2500 8)þ (6:873 � 0:625)

ð1aÞ

using ILS(Y |X ) (i.e., treating l2 keV as the dependent variable)
and

log (l2 keV) ¼ (0:815 � 0:023) log (l2500 8)þ (1:743 � 0:745)

ð1bÞ

using ILS(X |Y ) (i.e., treating l2500 8 as the dependent variable).
Note that the slope of the l2 keV-l2500 8 relation does depend on
which luminosity is used as the dependent variable, but both
cases are inconsistent with � ¼ 1. We use the equations given in
Table 1 of Isobe et al. (1990) to calculate the bisector of the two
regression lines. We find the ILS bisector to be

log (l2 keV) ¼ (0:721 � 0:011) log (l2500 8)þ (4:531 � 0:688):

ð1cÞ

In Figure 4 (top) we show l2 keV versus l2500 8 for the full AGN
sample.We show the symmetric, best-fit l2 keV-l2500 8 relationship,
given by equation (1c), as a solid black line. Equations (1a) and
(1b) are denoted by solid gray lines in order of increasing l2 keV

at l2500 8 ¼ 1032 ergs s�1 Hz�1. For comparison purposes we
show the l2 keV-l2500 8 relation found by S05 (dashed line), along
with a � ¼ 1 relation with a normalization chosen to minimize
the l2 keV residuals (dotted line). The residuals for equation (1a)
and the fit assuming � ¼ 1 are given in the bottom panels, with
the mean and the (3 �) standard deviation of the mean calculated
for sources in each � log (l2500 8) ¼ 1 bin denoted with large
error bars. The residuals for equation (1b) and the fit assuming
� ¼ 1 are given in the right panels using the same symbols. From
the systematic � ¼ 1 residuals present along both axes, it is
apparent that a � ¼ 1 relation provides an unsatisfactory fit to the
data, independent of the luminosity considered as the dependent
variable.

3.3. �OX versus l2500 8

Given the highly significant correlation between l2 keV and
l2500 8 found for our AGN sample, we investigate how �OX

changeswith respect to l2500 8, l2 keV, and redshift. For our optically
selected AGN sample we confirm a highly significant (13.6 �)
anticorrelation between �OX and l2500 8when controlling for the

TABLE 4

Partial-Correlation Results

Relation Controlling Variable Kendall’s �12,3

Significance

(�)

Total Sample

l2 keV vs. l2500 8 ...... z 0.519 15.3

�OX vs. l2500 8 ....... z �0.377 13.6

�OX vs. l2 keV ......... z �0.080 3.0

�OX vs. z................ l2500 8 �0.031 1.3

Removed COMBO-17 AGNs with � < 1:6

l2 keV vs. l2500 8 ...... z 0.505 13.7

�OX vs. l2500 8 ....... z �0.396 13.7

�OX vs. l2 keV ......... z �0.079 3.0

�OX vs. z................ l2500 8 �0.004 0.2

Notes.—Kendall’s partial rank correlation is defined as �12;3 ¼ �12 �ð
�13�23Þ/ 1� � 2

13

� �
1� � 2

23

� �� �1=2
, where �xy is the Kendall rank correlation coef-

ficient between data vectors x and y (Akritas & Siebert 1996).
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effects of redshift. The best-fit parameters for the �OX-l2500 8
relation are

�OX ¼ (�0:137 � 0:008)log (l2500 8)þ (2:638 � 0:240): ð2Þ

In Figure 5 we show �OX versus l2500 8 for our full AGN sam-
ple. We show the best-fit linear regression found for this sample,
given in equation (2), as a solid line. The residuals for the fit are
given in the bottom panel, with the mean and standard deviation
of the mean calculated for sources in each� log (l2500 8) ¼ 1 bin
denoted with 3 � error bars. For comparison purposes we show
the �OX-l2500 8 relation found by S05 (dotted line).

3.4. �OX versus l2 keV

The correlation between �OX and l2 keV has been previously
examined (Green et al. 1995), but the AGN samples used had
lowX-ray detection fractions and included both radio-loudAGNs

and BALQSOs, both of which can obfuscate the intrinsic X-ray
emission of interest here (see x 1). In addition, Green et al. (1995)
did not check whether the correlation between �OX and l2 keV was
the result of a true correlation or a by-product of the known cor-
relation between l2 keV and redshift.
The high X-ray detection fraction of our AGN sample allows

us to examine the correlation between �OX and l2 keV. We find a
weaker, but still significant (3.0 �), anticorrelation between �OX

and l2 keV when controlling for the effects of redshift and taking
into account the double-censoring present in this relation (i.e.,
censoring of both the dependent and independent variables). The
linear-regression methods used previously to derive the parame-
ters of the correlations (EM and Buckley-James regression algo-
rithms) are only strictly valid if double-censoring is not present.
However, given the high X-ray detection fraction of our sample,
we continue to use the aforementioned EM and Buckley-James
regression methods, assuming that the independent variable

Fig. 4.—Top left: Rest-frame 2 keV monochromatic luminosity vs. rest-frame 2500 8 monochromatic luminosity. The symmetric, best-fit l2 keV-l2500 8 rela-
tionship, given by eq. (1c), is denoted by the solid black line. Eqs. (1a) and (1b) are denoted by solid gray lines in order of increasing l2 keV at l2500 8 ¼
1032 ergs s�1 Hz�1. For comparison, the best-fit line derived by S05 (dashed line) and a � ¼ 1 relation (dotted line), normalized to best fit the data, are shown. The
residuals for eq. (1a) and the � ¼ 1 relation are shown in the two lower panels. The residuals for eq. (1b) and the � ¼ 1 relation are shown in the two panels on the right.
The overlaid error bars denote the mean and the 3 � standard deviation of the mean of the residuals calculated for each� log (l2500 8) ¼ 1 bin. Symbols are defined as in
Fig. 3, although all symbols are plotted as open to minimize symbol crowding. Limits are denoted with arrows.We find a highly significant (15.3 �) correlation between
l2 keVand l2500 8 (controlling for redshift) with a best-fit slope of � ¼ 0:72 � 0:1, calculated from the ILS bisector. [See the electronic edition of the Journal for a color
version of this figure.]
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(l2 keV) is detected. Note that our choice of linear-regression
techniques does not affect the significance of the anticorrelation
presented above.

The best-fit parameters for the �OX-l2 keV relation from the
EM regression method are

�OX ¼ (�0:077 � 0:015) log (l2 keV)þ (0:492 � 0:387): ð3Þ

In Figure 6 we show �OX versus l2 keV for our full AGN
sample; the best-fit linear regression found for this sample, given
in equation (3), is shown by a solid line. The residuals for the fit
are given in the bottom panel, with the mean and standard devia-
tion of the mean calculated for sources in each� log (l2 keV) ¼
1 bin denoted with 3 � error bars.

The clear trend of higher (i.e., less negative) �OX values with
decreasing l2500 8 seen in Figure 5 is not as apparent in the �OX-
l2 keV plot. This could be due, in part, to the smaller range in
X-ray luminosity covered by the AGNs [� log (l2 keV) ¼ 4] com-
pared to the UV luminosity range [� log (l2500 8) ¼ 5]. In addi-
tion, the scatter in the residuals for the �OX-l2 keV relation is
larger than that seen for l2500 8.

3.5. �OX versus Redshift

To test for a possible redshift dependence of �OX we measure
the partial correlation of �OX and z, controlling for l2500 8. We
do not find a significant correlation between �OX and redshift
(1.3 �), consistent with previous �OX studies. The best-fit pa-
rameters for the �OX-z relation are

�OX ¼ (�0:079 � 0:006)z� (1:395 � 0:014): ð4Þ

In Figure 7 we show �OX versus z for our full AGN sample.
We show the best-fit linear regression found for this sample,
given in equation (4), as a solid line. The apparent correlation

Fig. 5.—Top: �OX vs. rest-frame 2500 8 monochromatic luminosity. The
best-fit line from eq. (2) is shown (solid line). For comparison, the best-fit line
derived by S05 is also shown (dotted line). Bottom:Residuals from the fit shown
in the top panel. The overlaid error bars denote the mean and the 3 � standard
deviation of the mean of the residuals calculated for each� log (l2500 8) ¼ 1 bin.
Symbols are defined as in Fig. 3, although all symbols are plotted as open to
minimize symbol crowding. Limits are denoted with arrows. We find a highly
significant (13.6 �) correlation between �OX and l2500 8 (controlling for red-
shift). [See the electronic edition of the Journal for a color version of this figure.]

Fig. 6.—Top:�OX vs. rest-frame 2 keVmonochromatic luminosity. The best-
fit line from eq. (3) is shown (solid line). Bottom: Residuals from the fit shown in
the top panel. The overlaid error bars denote the mean and the 3 � standard devia-
tion of the mean of the residuals calculated for each� log (l2 keV) ¼ 1 bin. Sym-
bols are defined as in Fig. 3, although all symbols are plotted as open to minimize
symbol crowding. Limits are denoted with arrows. We find a lower, but still sig-
nificant (3.0 �), correlation between�OX and l2 keV (controlling for redshift). [See
the electronic edition of the Journal for a color version of this figure.]

Fig. 7.—Top: �OX vs. redshift. The best-fit line from eq. (4) is shown (solid
line). For comparison, the best-fit line derived by S05 is also shown (dotted
line). Bottom: Residuals from the fit shown in the top panel. The overlaid error
bars denote the mean and the 3 � standard deviation of the mean of the residuals
calculated for each �z ¼ 1 bin. Symbols are defined as in Fig. 3, although all
symbols are plotted as open to minimize symbol crowding. Limits are denoted
with arrows.We find no significant (1.3 �) correlation between�OX and redshift
(controlling for l2500 8 ). [See the electronic edition of the Journal for a color
version of this figure.]
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between�OX and redshift is simply an artifact of the l2500 8-z cor-
relation. The residuals for the fit are given in the bottom panel,
with the mean and standard deviation of the mean calculated
for sources in each �z ¼ 1 bin denoted with 3 � error bars. For
comparison purposes we show the �OX-z relation found by S05
(dotted line).

In Figure 8 we show the �OX � �OX(l2500 8) residuals as a
function of redshift (top) and the �OX � �OX(z) residuals as a
function of l2500 8 (bottom). It is clear from Figure 8 that there is
a strong luminosity dependence in the �OX � �OX(z) residuals,
while the �OX � �OX(l2500 8) residuals show no strong redshift
dependence. Using ASURV to find �OX as a function of both
l2500 8 and redshift, we find the following relation:

�OX ¼ (�0:126 � 0:013) log (l2500 8) ð5Þ
� (0:010 � 0:009)zþ (2:311 � 0:372):

Equation (5) shows that the coefficient of z is statistically con-
sistent with zero (1.1 �), which agrees with the findings of S05
and is consistent with �OX being independent of redshift.

We use the �OX��OX(l2500 8 ) residuals to constrain the max-
imum possible residual dependence of �OX on redshift, which
constrains the maximum amount the ratio of the UV-to-X-ray
luminosity can evolve with redshift. We find the best-fit param-
eters of the residuals to be �OX��OX(l2500 8)h i ¼ (�0:004�
0:006)z� (0:004 � 0:012). The maximum absolute 1 � value
for the slope of the residuals is 0.010z, which at z ¼ 5 is equal to
0.05. The ratio between the UVand X-ray flux is, by definition,
r ¼ f�(2500 8)/f�(2 keV) ¼ 102:606�OX . Differentiating with re-
spect to�OX,we get �r /r ¼ 2:606 ln (10)��OX ’ 6��OX ’ 0:30,
for ��OX ¼ 0:05. Thus, the ratio of UV-to-X-ray flux has not
changed bymore than 30% (1 �) over the redshift range z ¼ 0 5.

To examine whether �OX is independent of redshift over the
range of luminosities observed, we divided the AGNs equally
into three luminosity bins, with each bin containing 111 sources.

We plot the �OX��OX(l2500 8 ) residuals as a function of redshift
for each UV luminosity bin in Figure 9. It is apparent that the
COMBO-17 sample and the Seyfert 1 sample of S05 comprise
most of the lower luminosity AGNs [log (l2500 8) < 29:812].
The number of COMBO-17 AGNs decreases in the moderate
UV luminosity bin, where the BQS and SDSS AGNs become
prevalent [29:812 < log (l2500 8) < 30:795]. At the highest lu-
minosities, the z > 4 AGNs and the SDSS sample dominate
[ log (l2500 8) > 30:795]. None of the residuals shows any indi-
cations of having a systematic offset, showing that AGNs span-
ning five decades in UV luminosity show little �OX evolution
with redshift.

3.6. Comparing the �OX-z and l2 keV-z Relations

Recent discussions have questioned the validity of measuring
the redshift evolution of �OX, controlling for the effects of l2500 8,
since l2500 8 and �OX are, by construction, correlated (B. Kelly
2005, private communication). It has been suggested that measur-
ing the redshift evolution of l2 keV, controlling for l2500 8 , is a better
measure of the evolution of �OX, since this relation does not in-
clude the aforementioned �OX-l2500 8 correlation. However, it is
not clear that the redshift evolutions of l2 keV and �OX are neces-
sarily related, even when controlling for the effects of l2500 8 (e.g.,
M. Akritas 2005, private communication). We examine the red-
shift evolution of l2 keV using our sample and find a highly signif-
icant partial correlation between l2 keV and z, controlling for l2500 8
(�12;3 ¼ 0:21; � ¼ 8:7). If the l2 keV-z partial correlation is indeed
a proxy for �OX-z, then this result conflicts with our finding in
x 3.5 that �OX does not evolve with redshift. We examine this ap-
parent paradox further using both Monte Carlo simulations and a
subset of our full data sample that better covers the l2500 8-z plane.
To determine whether the l2 keV-z correlation is real or fake,

we ran a set of simulations designed to assess the strength of
partial correlations expected for samples with similar l2500 8-z

Fig. 8.—The �OX residuals as a function of redshift (top) and l2500 8 (bot-
tom). The overlaid error bars denote the mean and the 3 � standard deviation of the
mean of the residuals calculated for each �z ¼ 1 (top) or � log (l2500 8) ¼ 1 bin
(bottom). Symbols are defined as in Fig. 3, although all symbols are plotted as open
to minimize symbol crowding. Limits are denoted with arrows. The systematic re-
siduals in the lower plot indicate that�OX cannot be dependent on redshift alone. [See
the electronic edition of the Journal for a color version of this figure.]

Fig. 9.—The �OX residuals as a function of redshift for three luminosity
ranges. Symbols are defined as in Fig. 3, although all symbols are plotted as
open to minimize symbol crowding. Limits are denoted with arrows. There is no
apparent redshift dependence of the �OX��OX(l2500 8 ) residuals within any
luminosity range. [See the electronic edition of the Journal for a color version of
this figure.]
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distributions. We started by randomly assigning an l2500 8 value
in the observed range (29:0 < l2500 8 < 32:5) to each AGN in
our sample. We then computed l2 keV for each source assuming
the ILS bisector relation in equation (1c), including a random scat-
ter comparable to that observed. We compute the l2 keV-z par-
tial correlation (controlling for l2500 8 ) for 10 random samples to
obtain an average value for the strength and significance of the
partial correlation. In these realizations there is no l2500 8-z depen-
dence, by construction. We find an average correlation strength
of �12;3 ¼ 0:06 � 0:02 with � ¼ 2:2 � 0:7, significantly lower
than for our actual sample. However, if we instead constrain the
random l2500 8 to follow the observed l2500 8-z dependence, the
partial � method finds a more significant, but false, partial corre-
lation of �12;3 ¼ 0:17 � 0:01 with � ¼ 7:0 � 0:5. These simu-
lations suggest that the strength of the correlation between l2 keV

and redshift is an artifact of the strong l2500 8-z relation in flux-
limited samples.While the partial-correlationmethods of Kendall’s
� are designed to remove the contribution of the third variable (in
this case l2500 8 ) from the measurement of the correlation between
the first and second variables (l2 keV and z), when the correlations
between the controlling variable and the first and/or second vari-
able are very strong, apparently significant but false partial corre-
lations can arise.

To test further the l2 keV-z relation, we limit our analysis to
sources with 29:3 < l2500 8 < 31 and z < 3, consisting of 187
sources (see the subsample box in Fig. 3). This subsample more
completely fills the l2500 8-z plane and thus is less affected by the
strong l2500 8-z correlation present in flux-limited samples. Us-
ing this subsample, we find l2 keV-z partial-correlation results of
�12;3 ¼ 0:11 with � ¼ 2:8, again showing that the strength of the
relation diminishes greatly when the flux-limited nature of the
sample is reduced or eliminated. For comparison, the�OX-l2500 8
partial correlation decreases, as onewould expect from the smaller
sample size and reduced l2500 8 and z range, but it remains sig-
nificant (�12;3 ¼ �0:29, � ¼ 7:0). From these tests it is apparent
that the redshift evolution of l2 keV is strongly influenced by the
strong correlation between l2500 8 and z and thus should not be
used as a substitute for the �OX-z relation.

3.7. Investigating Nonlinear �OX Correlations

From the previous three sections it is clear that �OX is most
significantly correlated with l2500 8 , but does the slope of this
correlation remain the same over the entire range of UV luminos-
ities, or is the �OX-l2500 8 relation nonlinear? From Figure 4
it appears possible that the l2 keV-l2500 8 slope may become
steeper at lower luminosities. It is difficult to tell from the plot,
however, as lower luminosity sources typically have larger
measurement errors. Nonlinearity may also be hinted at in the
residual plot in Figure 5. While all of the 3 � error bars for the
mean residuals in each luminosity bin are consistent with zero,
there is a slight curve seen in the mean residuals, peaking around
1030 ergs s�1 Hz�1.

We investigate this potential change in the slope of the �OX-
l2500 8 relation by dividing the sample in half using the median
UV luminosity [ log (l2500 8) ¼ 30:352] and calculating the slope
of the best-fit line for both the high-luminosity and low-luminosity
halves of the sample. We find the coefficient for the low-
luminosity half to be flatter (�0:098 � 0:019) than for the high-
luminosity half (�0:152 � 0:019). We use Student’s t-test to
determine whether these two slopes are drawn from the same
distribution.We find only a 5% probability that the best-fit slopes
for the high- and low-luminosity halves of the distribution are
drawn from the same parent distribution, suggesting that the
slope of the �OX-l2500 8 relation may be l2500 8-dependent.

We use this same method to determine whether the �OX-
l2500 8 slope is dependent on redshift. We divide the full sample
into low-redshift (z � 2) and high-redshift (z > 2) subsamples,
containing 230 and 103 sources, respectively. We do not find a
significant difference in the best-fit slopes for the low-redshift
(�0:125 � 0:012) and high-redshift (�0:147 � 0:020) subsam-
ples. Using Student’s t-test, we find a 37% chance that the slopes
of the low-redshift and high-redshift subsamples are drawn from
the same parent distribution.

4. DISCUSSION AND CONCLUSIONS

4.1. Summary of AGN Sample

In this paper we examine the correlations between l2500 8 ,
l2 keV, �OX, and redshift for optically selected AGNs. We extend
the coverage of the luminosity-redshift plane relative to the S05
sample by adding 52 lower luminosity AGNs discovered by the
COMBO-17 survey; 46 high-luminosity, low-redshift (z < 0:5)
AGNs from the BQS; and 19 high-redshift (z > 4) AGNs from
recently published, targeted X-ray/optical AGN studies. Radio-
loud AGNs and BALQSOs are excluded from our sample when-
ever possible, and the effects of host-galaxy contamination are
largely removed for the COMBO-17 AGNs using high-resolution
ACS observations. These additional AGNs bring the total sample
to 333 optically selected AGNs, 293 (88%) of which have de-
tected X-ray counterparts.

In Table 5 we present the statistical properties of the full
sample, broken into� log (l2500 8 ) ¼ 1 bins. The Kaplan-Meier
estimator within ASURV was used to calculate the statistical
properties of the sources in each bin. The redshift range, mean,
rms error, median, and both the 25th and the 75th percentile val-
ues are given, along with the values of l2500 8 and �OX calculated
from equations (1c) and (2), respectively, using the mean l2500 8
value given in the appropriate bin. This table also gives both the
expected value of l2 keV and�OX for each� log (l2500 8) ¼ 1 bin,
as well as the spread around the expectation values. From the
table, it appears that the spread of l2 keV decreases with increas-
ing l2500 8 for the bins with statistically significant numbers of
sources. There is no clear l2500 8 dependence on the spread of
�OX. This table is useful in identifying AGNs that may be X-ray
weak or assessing the excess associated with jet-linked X-ray
emission.

4.2. Results of Partial-Correlation Analyses

To measure correlations in our data we employ partial-
correlation methods that deal with censored data. We confirm that
the monochromatic 2500 8 and 2 keV luminosities are highly
correlated (15.3 �), considering the effects of redshift, and follow
the relation l2 keV / l

�

25008, where� ¼ 0:72 � 0:01 (from the ILS
bisector), and not � ¼ 1 as found in some previous studies.

We investigate how the ratio of the X-ray and UV luminosities,
�OX, is correlated with l2500 8, l2 keV, and redshift for our AGN
sample. When taking into account the effects of redshift, we
confirm that the �OX-l2500 8 anticorrelation is highly significant
(13.6 �) but find a much smaller, but still significant, anti-
correlation for the �OX-l2 keV relation (3.0 �). The discrepancy in
the significance of these two correlations is due, in part, to the
slope of the l2 keV-l2500 8 relation being less than unity. As can be
seen in Figure 4, the range of possible values of l2 keV for a given
value of l2500 8 is smaller (and hence the range of �OX values is
smaller) than the range of possible values of l2500 8 for a given
value of l2 keV. In addition, some AGNs are more variable in the
X-ray than they are in the optical /UV, with long-timescale X-ray
observations of Seyfert 1 galaxies showing variability �100%
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for some sources (Uttley&McHardy2004 and references therein),
which increases the possible ranges of l2 keV even more dramat-
ically for a given value of l2500 8.

Our analysis did not reveal any significant (1.3 �) evolution of
�OXwith redshift (when considering the effects of l2500 8 ), which
is consistent with the majority of previous �OX studies. How-
ever, including the COMBO-17 AGNs in our study allows us to
constrain, for the first time, the spectral evolution of moderate-
luminosity AGNs out to high redshifts. Since moderate-luminosity
AGNs are the numerically dominant type of AGN in the universe
and X-ray surveys have found luminosity-dependent density
evolution for such AGNs, it is important to understand the spec-
tral evolution of these types of sources. The lack of cosmic evo-
lution of�OX also suggests that the energy generationmechanisms
that create AGN emission locally are already in place at z ’ 5 6.
This agrees with AGN studies that find no significant evolution
in the continuum shape of AGNs at high redshifts from radio
(e.g., Petric et al. 2003), optical /UV (e.g., Pentericci et al. 2003),
and X-ray (e.g., Page et al. 2005; Shemmer et al. 2005) studies.

The ‘‘Baldwin effect,’’ which is the anticorrelation between
the equivalent widths of AGN emission lines and AGN lumi-
nosity (Baldwin 1977), can be thought of as a likely corollary to
the observed anticorrelation between �OX and AGN luminosity.
As discussed earlier, luminous AGNs emit less of their energy at
X-ray wavelengths relative to their optical emission. Since AGN
emission lines are powered by the extreme-UV to soft X-ray
continuum, the relative strengths of the emission lines (com-
pared to the optical /UV continuum) should also be anticorre-

lated with AGN luminosity (Green 1996). This anticorrelation
between the equivalent widths of AGN emission lines and AGN
luminosity has been repeatedly confirmed, most recently using
a large sample of SDSS quasars (Vanden Berk et al. 2004). In
addition, the Baldwin effect seen in this SDSS sample appears
only weakly dependant on redshift, which is consistent with our
finding that �OX primarily depends on AGN luminosity (how-
ever, see Green et al. 2001).

4.3. Comparison with X-Ray-selected, z > 4 AGNs

In x 3 we limited our analyses and discussion to the 333 op-
tically selected AGNs in our sample. Here we determine whether
the relations we derived for l2500 8 , l2 keV, �OX, and redshift also
hold for the eight published X-ray-selected, radio-quiet, z > 4
AGNs (see x 2.2.3). While subject to different selection biases
than our main AGN sample, these X-ray-selected AGNs sub-
stantially extend the coverage of the luminosity-redshift plane
(see crosses in Fig. 3, left), and thus they can be useful in
determining whether the aforementioned relations are also valid
for high-redshift, low-luminosity AGNs.
From Figures 4–6 it is apparent that the X-ray-selected AGNs,

while considerably fainter in l2500 8 than the optically selected
AGNs in our sample at similar redshifts, have�OX values that do
not significantly stand out from the �OX values of the optically
selected AGNs. While the X-ray-selected AGNs do populate the
higher ( less negative) portion of the �OX distributions in Fig-
ures 5 and 6, this is not unexpected, because X-ray selection is
biased toward sources that are X-ray-bright. In other words, for

TABLE 5

Sample Statistics

log (l2500 8) Range

Parameter 27–28 28–29 29–30 30–31 31–32 32–33

Number of sources...................................... 6 41 84 121 67 14

Number of X-ray detections ....................... 5 38 82 99 55 14

X-ray detection fraction (%)....................... 83 93 98 82 82 100

Redshift range ............................................. 0.009–0.201 0.009–1.264 0.033–2.870 0.085–4.190 0.472–6.280 2.736–4.550

log (l2500 8)

Mean log (l2500 8) ........................................ 27.847 28.604 29.622 30.540 31.552 32.259

rms log (l2500 8) ........................................... 0.081 0.250 0.238 0.286 0.292 0.150

25th percentile............................................. 27.753 28.508 29.453 30.283 31.264 32.120

Median log (l2500 8) ..................................... 27.825 28.630 29.625 30.609 31.523 32.200

75th percentile............................................. 27.890 28.781 29.806 30.791 31.742 32.330

log (l2 keV)

Mean log (l2 keV).......................................... 24.571 25.149 25.953 26.472a 27.105a 27.600

rms log (l2 keV)............................................. 0.318 0.621 0.431 0.418 0.333 0.348

25th percentile............................................. . . . b 24.873 25.792 26.296 26.879 27.340

Median log (l2 keV)....................................... 24.463 25.222 26.018 26.462 27.065 27.730

75th percentile............................................. 24.661 25.622 26.221 26.746 27.337 27.836

Value from eq. (1c)..................................... 24.749 25.235 25.889 26.478 27.128 27.582

�OX

Mean �OX ................................................... �1.253 �1.322 �1.408 �1.568a �1.708 �1.788

rms �OX ...................................................... 0.093 0.192 0.165 0.198 0.146 0.131

25th percentile............................................. �1.343 �1.451 �1.493 �1.657 �1.810 �1.865

Median �OX................................................ �1.309 �1.291 �1.402 �1.547 �1.691 �1.786

75th percentile............................................. �1.230 �1.184 �1.289 �1.455 �1.609 �1.717

Value from eq. (2) ...................................... �1.189 �1.293 �1.433 �1.559 �1.699 �1.796

a ASURV changed the first datum in the bin from a censored point to a detection: the mean estimate is biased.
b No value is reported due to bias caused by the upper limit and the small number of sources in this bin.
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a group of sources at a given l2500 8 with the observed spread in
�OX, X-ray surveys are biased toward selecting those sources
with higher �OX values (i.e., the AGNs that are relatively
brighter in X-rays).

In Figure 7 the X-ray-selected sources all lie well above the
best-fit �OX-z relation derived from our main sample. This ap-
parent discrepancy is expected if �OX is indeed dependent on
l2500 8 and not z. The eight X-ray-selected AGNs have consid-
erably smaller l2500 8 values than the optically selected, z > 4
AGNs, and thus we would predict that they would have higher
( less negative) values of�OX from equation (2). Indeed, the�OX

residuals shown in Figures 8 and 9 demonstrate that the X-ray-
selected AGNs (crosses) agree fairly well with our conclusion
that �OX is dependent on l2500 8 and shows no significant red-
shift dependence. To test further this conclusion we again ran the
partial correlations described in x 3, this time including the eight
X-ray-selected sources. We find that the significance of most of
the correlations presented in Table 4 increases by �0.3–0.8 �.
The �OX-z partial correlation increases by �0.7 �, but it is
still below the threshold of a significant correlation. In addition,
while the X-ray-selected AGNs do increase the coverage of the
luminosity-redshift plane, it is not clear what effect the different
selection biases of the X-ray-selected AGNs will have on these
correlations.

4.4. Comparison with Earlier Studies

The AGN sample presented here enables us to provide the
tightest constraints to date on the contributions of l2500 8 and
redshift to �OX. To illustrate our improvement over some past
studies, we compare our results with those of AT86, Wilkes et al.
1994, and S05. Note that the first two authors use cosmological
look-back time, �(z), in units of the present age of the universe,
and not redshift in their calculations. We calculate �(z) for our
sources and use the method outlined in xx 3 and 4 of AT86 to
calculate confidence contours. We rename AZ from AT86 as A� ,
since, strictly speaking, it is the coefficient of cosmological look-
back time, which is not a linear function of redshift. This mod-
ification changes equation (6) of AT8610 to

�OX(l2500 8; z j X-ray loud)¼ AO log l2500 8ð Þ � 30:5½ �
þ A� � zð Þ � 0:5½ � þ A: ð6Þ

For our sample, we find best-fit values of ½AO; A� ; A� ¼
½0:140þ0:011

�0:016; �0:009þ0:055
�0:040; 1:553 � 0:014� for equation (6). In

Figure 10 we show the �S ¼ 4:61 confidence contours for our
data and the samples presented in AT86,Wilkes et al. (1994), and
S05. These are equivalent to 90% confidence contours, taking
two parameters to be of interest. The tighter constraints provided
by our data have a number of sources. Our X-ray detection frac-
tion (88%) is higher than either AT86 (61%) or Wilkes et al.
(1994; 64%). Unlike early AGN samples used to study �OX, our
data represent a relatively homogeneous collection of AGNs for
which we attempted to remove or reduce sources of systematic
errors (radio jets, absorption, galaxy contribution, etc.). Finally,
to our knowledge, our AGN sample provides the best coverage
of the luminosity-redshift plane to date.

4.5. Comparing X-Ray and Optical AGN Luminosity Functions

Understanding the relationship between l2 keV and l2500 8 in
AGNs aids in explaining discrepancies between the AGN X-ray

and optical luminosity functions (XLF and OLF, respectively).
For luminousAGNs, both theOLF (e.g., Boyle et al. 2000; Croom
et al. 2004; Richards et al. 2005, 2006) and the XLF (e.g., Cowie
et al. 2003; U03; Barger et al. 2005; Hasinger et al. 2005; La
Franca et al. 2005) are consistent with pure luminosity evolution
(PLE), with the peak activity of luminous AGNs occurring at
z ¼ 2 3. However, recent X-ray surveys have found that low-
luminosity (L2–8 keVP 1044 ergs s�1) AGNs do not agree with the
PLE model but instead appear to undergo luminosity-dependent
density evolution (LDDE; e.g., U03; Steffen et al. 2003; Barger
et al. 2005; Hasinger et al. 2005; La Franca et al. 2005; Silverman
et al. 2005b). These studies found that the peak density of low-
luminosity AGNs occurs at lower redshifts than for high-
luminosity AGNs, an example of ‘‘cosmic downsizing.’’ LDDE
is not seen in deep optical AGN surveys, in which the OLFs of
low-luminosity AGNs are not well constrained and are consis-
tent with both PLE and pure density evolution (PDE) models
(Wolf et al. 2003).

Given that AGNs found in deep X-ray-selected samples ap-
pear to undergo LDDE, does this necessitate LDDE for optically
selected samples as well? We can use the LDDE equations given
in x 5.2 of U03 and the relationship between l2 keV and l2500 8we
find for optically selected AGNs (eq. [1c]) to examine how the
LDDE parameters change if the optical luminosity is substituted
for the X-ray luminosity. Equations (16) and (17) of U03 give the
evolution factor, e(LX, z), as a function of both the luminosity and
redshift, which is unique to LDDE models (for PLE and PDE,
the evolution factor only depends on redshift). More specifically,
the redshift cutoff, zc , included in the evolution factor is a function
of luminosity in LDDEmodels and is a constant in PLE and PDE
models. Applying our l2 keV-l2500 8 relation to the redshift cutoff

Fig. 10.—Best-fit values and�S ¼ 4:61 (90%) confidence contours for the
coefficients AO and A� for our sample (cross, solid contour), the sample of S05
(cross, dotted contour), and the samples examined by AT86 (open circle, dot-
dashed contour) and Wilkes et al. (1994; filled circle, dashed contour). Inset:
Magnified view of the contours for our sample. Both the 68% (�S ¼ 2:30) and
the 90% (�S ¼ 4:61) confidence contours (solid contours) are shown. For
comparison, the 68% and 90% confidence contours of the S05 sample are also
shown (dotted contours). [See the electronic edition of the Journal for a color
version of this figure.]

10 In AT86, �OX is defined to be positive. Thus, the coefficients AO and A�

have the opposite sign as the coefficients presented in the previous equations.
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(eq. [17] of U03), we find that the power-law index � becomes
� 0 ¼ ��, where � is the slope of the l2 keV-l2500 8 relation, when
the X-ray luminosity is replaced with the optical/UV luminos-
ity. The evolution factor becomes independent of optical /UV
luminosity [i.e., e (LUV; z) ! e (z)] only when the X-ray and
optical /UV emission in AGNs are independent of one another
(i.e., � ¼ 0). Thus, aside from this special case, the LDDE ob-
served for X-ray AGN samples implies LDDE for optical AGN
samples.

The � ¼ 0:721 slope found for the l2500 8-l2 keV relation
(eq. [1c]) evinces that a group of AGNs will span a larger range
in UV luminosity than in X-ray luminosity. In other words,
optical /UV surveys must cover a larger luminosity range than
X-ray surveys to probe the same AGN populations. This is ap-
parent when comparing the sky densities of AGNs from deep
X-ray and optical surveys (see x 1). The deep X-ray surveys find
about an order of magnitude more AGNs per square degree than
the deepest optical surveys. Some of this discrepancy is attrib-
utable to different AGN selection effects between the X-ray and
optical surveys. Host-galaxy contamination is muchmore preva-
lent in the optical regime, as is intrinsic obscuration. However, if
we compare the depth probed by the optical and X-ray surveys
we see that the optical surveys are missing the low-luminosity
AGNs that do not fit into the PLE paradigm. Studies of the XLF
find the densities of AGNs with L2–8 keV ¼ 1042 1044 ergs s�1

peak at lower redshifts than their more luminous cousins, a
strong indication of LDDE. This range in hard X-ray luminos-
ity corresponds to a monochromatic l2 keV range of log (l2 keV) ¼
23:9 25:9, assuming � ¼ 2. Using equation (1c), we find the
corresponding monochromatic l2500 8 range to be log (l2500 8) ¼
26:9 29:6. From Figure 3 (left) it is apparent that the optically
selected AGN samples do not extend to faint enough UV lumi-
nosities to detect all of these AGNs. Even if we assume � ¼ 1,
we find that the optical surveys are still too shallow, but the prob-
lem becomes less severe. Assuming � ¼ 1, the range of l2 keV

covered by the X-ray-selected AGN surveys corresponds to a
monochromatic l2500 8 range of log (l2500 8) ¼ 27:8 29:8, an or-
der of magnitude higher than we get with � ¼ 0:72. In light of
this comparison it is not surprising that LDDE is not required to
describe the evolution of the OLF, because optical surveys are
not deep enough to probe the AGN luminosities where LDDE
becomes apparent in XLF studies.

4.6. Future Studies

This study presents the highest significance �OX-l2500 8 cor-
relations to date, but significant work remains to be done. The
significance of the measured correlations could be substantially
improved by eliminating the intrinsic scatter in our data due to
UVand X-ray variability. This could be accomplished with con-
current UV and X-ray observations of AGNs with, e.g., XMM-
Newton. This study could also be extended by including more of
the most optically luminous quasars known at z � 1 4. The high
luminosities of these quasars make them visible at all redshifts,
and their inclusion would reduce the paucity of these sources at
low-to-moderate redshifts in our current sample. We could also
extend our study to include low-ionization nuclear emission-line
regions (LINERs). These low-luminosity AGNs could better con-

strain the �OX-l2500 8 relation, and the additional l2500 8 ‘‘lever-
age’’ at low luminosities would help test the possible nonlinear
�OX-l2500 8 relation suggested by our data. To measure the AGN
emission in LINERs it is essential to minimize the contamination
from the host galaxy. To do this, the high-resolution capabilities
of HST and Chandra are needed to isolate the intrinsic AGN
emission within LINERs. Finally, there are currently no com-
pelling physical models that explain the origin of the observed
�OX-l2500 8 relation. Any theoretical model attempting to de-
scribe the emission mechanisms within AGNs must be able to
reproduce this observed relation. There is hope that attempts to
model the environments around accreting SMBHs from first
principles using relativistic magnetohydrodynamic simulations
(e.g., Hawley et al. 1995; DeVilliers &Hawley 2003; Krolik et al.
2005)will be able to explain the observed�OX-l2500 8 relation, but
to our knowledge these simulations have not yet found a physical
explanation for the observed �OX-l2500 8 relation.
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APPENDIX A

PROPERTIES OF ADDITIONAL z > 4 AGNs

We list the properties of the publicly available sources from
Kelly et al. (2005) in Table 6. To our knowledge, details on these
sources are not available in the literature. TheChandra data were
reduced using the samemethods outlined in Vignali et al. (2005).
In Table 7 we list the properties of the X-ray-selected AGNs
presented in x 2.2.3.
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TABLE 6

Properties of z > 4 Quasars Observed by Chandra

Object

(1)

z

(2)

NH

(3)

AB1450(1+z)

(4)

f2500
(5)

log (L2500)

(6)

MB

(7)

Exp. Time

(8)

Count Rate

(9)

fX
(10)

f2 keV

(11)

log (�L�)2 keV
(12)

log (L2 10 keV)

(13)

�OX

(14)

R

(15)

QSO 0910+564........... 4.04 2.73 20.7 3.08 30.98 �25.9 22849 0:34þ0:17
�0:12 1:32þ0:67

�0:45 0.99 44.18 44.4 �1.72 � 0.09 <16.6

PC 1450+3404 ............ 4.19 1.26 21.0 2.33 30.89 �25.7 14842 0:94þ0:32
�0:25 3:49þ1:21

�0:93 2.71 44.64 44.9 �1:51þ0:08
�0:07 <20.3

SDSS 1413+0000 ....... 4.08 3.12 19.8 7.05 31.35 �26.8 11843 1:17þ0:40
�0:32 4:61þ1:58

�1:25 3.49 44.74 44.9 �1.65 � 0.07 <7.4

SDSS 0050�0053....... 4.33 2.69 19.5 9.73 31.53 �27.3 12737 1:15þ0:39
�0:29 4:24þ1:44

�1:08 3.38 44.75 44.9 �1.71 � 0.07 <5.6

SDSS 1444�0123....... 4.18 3.92 19.5 9.64 31.50 �27.2 10001 0:40þ0:32
�0:19 1:60þ1:28

�0:76 1.24 44.30 44.5 �1:87þ0:11
�0:12 <5.4

SDSS 2357+0043 ....... 4.36 3.28 19.8 7.38 31.41 �27.0 12657 0:85þ0:35
�0:25 3:47þ1:43

�1:03 2.73 44.67 44.9 �1.70 � 0.08 <7.0

Notes.—Col. (1): Source name. Col. (2): Redshift. Col. (3): Galactic column density, from Dickey & Lockman (1990), in units of 1020 cm�2. Col. (4): AB magnitude at 1450(1þ z) 8. Col. (5): Flux density at rest-frame
2500 8, in units of 10�28 ergs cm�2 s�1 Hz�1. Col. (6): Log of the monochromatic luminosity at rest-frame 2500 8, in units of ergs s�1 Hz�1. Col. (7): Absolute B-band magnitude. Col. (8): Chandra exposure times (in
seconds) corrected for detector dead time and high-background periods. Col. (9): Observed count rate computed in the soft band, in units of 10�3 counts s�1. Col. (10): Galactic absorption-corrected flux in the observed 0.5–
2 keV band, in units of 10�15 ergs cm�2 s�1. Col. (11): Rest-frame 2 keV flux density, in units of 10�32 ergs cm�2 s�1 Hz�1. Col. (12): Log of the luminosity at rest-frame 2 keV, in units of ergs s�1. Col. (13): Log of the 2–10 keV
rest-frame luminosity, corrected for the effect of Galactic absorption, in units of ergs s�1. Col. (14): Optical-to-X-ray spectral index; errors have been computed following the ‘‘numerical method’’ described in x 1.7.3 of Lyons
(1991); both the statistical uncertainties on the X-ray count rates and the effects of the observed ranges of the X-ray and optical continuum shapes have been taken into account. Col. (15): Radio loudness parameter, defined as
R ¼ f5 GHz /f4400 8 (rest frame). The 5 GHz flux density is computed from the 1.4 GHz flux density (from FIRST) assuming a radio power-law slope of � ¼ �0:8, with f� / �� .

TABLE 7

Properties of X-Ray-selected, z > 4 AGNs

Object

(1)

z

(2)

NH

(3)

AB1450(1+z)

(4)

f2500
(5)

log (L2500)

(6)

fX
(7)

f2 keV

(8)

log (L2 keV)

(9)

�OX

(10)

Reference

(11)

CXOCY J033716.7�050153........... 4.61 4.82 23.8 �28.84 29.74 1.8 �31.82 26.76 �1.14 Treister et al. (2004)

CLASXS J1032414.2+572227 ........ 5.40 0.73 24.3 �29.04 29.65 0.85 �32.09 26.60 �1.17 Steffen et al. (2004), Yang et al. (2004)

RX J1052+5719............................... 4.45 0.56 22.6 �28.36 30.20 2.3 �31.73 26.83 �1.29 Schneider et al. (1998)

CXOMP J105655.1�034322 .......... 4.05 3.55 22.3 �28.24 30.26 5.2 �31.37 27.13 �1.20 Silverman et al. (2005a)

CXOHDFN J123647.9+620941 ...... 5.19 1.48 23.5 �28.72 29.94 0.29 �32.57 26.09 �1.48 Barger et al. (2002), Vignali et al. (2002)

CXOHDFN J123719.0+621025 ...... 4.14 1.45 25.2 �29.40 29.11 0.26 �32.70 25.81 �1.26 Barger et al. (2002), Vignali et al. (2002)

CXOCY J125304.0�090737........... 4.18 2.96 23.0 �28.52 30.00 1.7 �31.88 26.64 �1.28 Castander et al. (2003)

CXOMP J213945.0�234655 .......... 4.93 3.55 21.6 �27.96 30.67 1.8 �31.80 26.83 �1.47 Silverman et al. (2002)

Notes.—Col. (1): Source name (in order of increasing right ascension). Col. (2): Redshift. Col. (3): Galactic column density, from Dickey & Lockman (1990), in units of 1020 cm�2. Col. (4): AB magnitude at
1450(1þ z) 8. Col. (5): Log of the flux density at rest-frame 2500 8, in units of ergs cm�2 s�1 Hz�1. Col. (6): Log of the monochromatic luminosity at rest-frame 2500 8, in units of ergs s�1 Hz�1. Col. (7): Galactic
absorption-corrected flux in the observed 0.5–2 keV band, in units of 10�15 ergs cm�2 s�1. Col. (8): Log of the rest-frame 2 keV flux density, in units of ergs cm�2 s�1 Hz�1. Col. (9): Log of the monochromatic
luminosity at rest-frame 2 keV, in units of ergs s�1 Hz�1. Col. (10): Optical-to-X-ray spectral index. Col. (11): References for X-ray-selected AGNs.
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